We propose CP asymmetries based on triple product correlations in the decaysb m → tχ − j with subsequent decays of t andχ − j . For the subsequentχ − j decay into a leptonic final state ℓ −νχ0 1 we consider the three possible decay chainsχ
Introduction
In the Minimal Supersymmetric Standard Model (MSSM) [1, 2] the higgsino mass parameter µ and several of the Supersymmetry (SUSY) breaking parameters are complex in general. Among the SUSY breaking parameters the trilinear scalar couplings A f and two of the gaugino mass parameters M 1 and M 3 (M 2 is usually chosen to be real by redefining the fields) can be complex.
Current experimental upper bounds on the electric dipole moments (EDM) impose restrictions on the SUSY parameters that appear in supersymmetric models, in particular on their phases. To which extent the size of the phases have to be restricted, however, strongly depends on the underlying model. For instance, while only relatively small values of the phase of µ, |φ µ | < ∼ 0.1, are allowed in several versions of the MSSM with selectron masses of the order 100 GeV [3] , this restriction may disappear if lepton flavour violating terms are included [4] or if the masses of the first and second generation scalar fermions are large (above the TeV scale) while the masses of the third generation scalar fermions are small (below 1 TeV) [5] . Recently it has been pointed out that for large trilinear scalar couplings |A| one can simultaneously fulfill the EDM constraints of electron, neutron, and that of the atoms 199 Hg and 205 Tl, where at the same time, φ µ ∼ O(1) [6] . The restictions on the size of the phases of the trilinear couplings of the 3rd generation scalar fermions are far less important as their contributions to the EDMs appear only at two-loop level [7] .
The various CP phases can have a big influence on the production and decay of supersymmetric particles. In particular the influence of the phases φ A τ,t,b of the trilinear scalar coupling parameters on various observables (e.g. scalar fermion masses, cross sections, decay widths) can be important [8, 9] . However, a measurement of solely CP-even observables cannot be sufficient to unambiguously determine the SUSY parameters. Moreover, in order to clearly demonstrate that CP is violated, CP-odd observables have to be measured. Rate asymmetries have been proposed where the influence of the SUSY CP phases arise due to loop corrections (see for instance [10] ). Another important class of CP-odd observables are based on triple product correlations (for an introduction see [11] ). They arise already at tree-level and allow to define various CP asymmetries which are sensitive to the different CP phases. Such CP asymmetries have been proposed and analyzed for various SUSY processes (see for instance [12, 13] ).
Recently, it has been shown [13] that triple product correlations among the decay products of the scalar top decayt → tχ 0 followed by the decays of t andχ 0 , allow us to obtain information on CP violation in the scalar top system. Along the same line of the study performed in [13] , in the present paper we analyze triple product correlations that arise in the decays of the scalar bottomsb m . We focus on the influence of CP violation in the scalar bottom system, in particular on the influence of the phase of the trilinear scalar coupling parameter A b , φ A b .
We study the decaỹ
followed by the subsequent decays of the top quark t and the charginoχ − j . We work in the approximation where t andχ − j are both produced on mass-shell. As the top quark does not form a bound state this implies that both t andχ − j decay with definite momenta and polarizations. Their polarizations can be retrieved from the distributions of their decay products. We consider the decays of the top quark
and the following three possible decay chains forχ
which lead to the final states
We shall consider each of the decays (3), (4), (5) separately. The subscript of the leptons, ℓ 1 , ℓ 2 , ℓ 3 , is used in order to distinguish them in the different decay chains. For simplicity we shall work in the narrow width approximation for the intermediate particles in (3)- (5), i.e. we assume that these particles are produced on-mass-shell.
We consider also the 2-body decay ofχ
assuming the momentum of the final W boson can be reconstructed, which is possible for hadronic decays.
We consider the triple products
where q i are any 3-vectors of the particles in the considered process. With the help of the triple products O, Eq. (8), we define the T-odd observables (up-down asymmetries):
where dΓ stands for the differential decay width and dΩ involves the angles of integration. The left hand side of Eq. (9) shows how the asymmetries are calculated, whereas the right hand side exemplifies how they are measured in experiment:
is the number of events for which O > (<) 0.
The paper is organized as follows. In section 2 we present the results of our calculations in compact form using the formalism of [14] . We propose several T-odd asymmetries in section 3 and point out how the corresponding CP asymmetries can be obtained. In section 4 we perform a numerical analysis of the CP asymmetries proposed and estimate their observability. Finally, we summarize in section 5.
Formalism
In order to obtain analytic expressions for the sequential processes (1)- (7) we shall use the formalism of Kawasaki, Shirafuji and Tsai [14] . According to that formalism the differential decay rates of (1)- (7), when spin-spin correlations are taken into account, can be written as
where dΓ(t → ...) and dΓ(χ − j → ...) are the differential decay rates of the unpolarized top and unpolarized chargino. The factors E χ j /(m χ j Γ χ j ) and E t /(m t Γ t ) stem from the narrow width approximation used for t andχ − j , Γ t and Γ χ j are the total widths of t andχ − j , and (E t , m t ) and (E χ j , m χ j ) are their energies and masses, respectively. dΓ(b m → tχ In the scalar bottom rest frame, we have:
where mb m is the mass of the decaying scalar bottom and the phase space element Φb is given in Eq. (76) in Appendix C. For the matrix element A we have
where
(1 ∓ γ 5 ), g is the SU(2) gauge coupling constant and the couplings are given in Eq. (70) in Appendix B. For the evaluation of |A| 2 we use the spin density matrices of t andχ
with
The matrix element squared is then given by
where we use the convention ε 0123 = 1. The polarization 4-vector ξ t is determined through the top quark decays (2) and the polarization 4-vector ξ χ j is determined through theχ j decays (3)- (7) . In the following we calculate the polarization 4-vectors ξ t and ξ χ j as well as the differential decay rates of t andχ − j for their various decays (2) and (3)- (7). Some of the calculations are quite analogous to those carried out in [13] and in these cases we present the results only.
Decay rates forχ
The polarization vector of the top quark was obtained in [13] and here we present the results for completeness. The polarization 4-vector of the top quark determined through the decay t → b W + , that we shall denote by ξ b , equals
For the polarization vector of the top quark determined in t → b W + → b l + ν (and equivalently for t → b W + → b cs, where we substitute the the c quark for the lepton), that we denote by ξ l , we have
The polarization vector ofχ − j is determined solely through the decayχ
, as the subsequent decay ofν, being a scalar particle, does not contribute. We obtain:
Further, according to Eq. (10), we need the differential decay rates of t andχ − j . The distribution of the leptons in the sequential decay (3), in the narrow width approximation forν, is given by
where BR(ν →νχ 
where the couplings are given in Eq. (71) in Appendix B and the phase space element dΦ 1 χ j is given in Eq. (80) in Appendix C. The differential decay rates of the top quark are (see for instance [13] ):
with dΦ b,l t given in Eqs. (77) and (78) in Appendix C. The angular distributions of the decay products of t andχ − j decay mode (3) are obtained by inserting the differential decay rate of the scalar bottom, Eq. (11), the differential decay rates of the top quark, Eqs. (21) and (22), and the differential decay rate of the chargino, Eq. (19) , into Eq. (10), where we use the appropriate polarization vectors as given in Eqs. (16)- (18) . The differential decay rates ofb m then read
where the subindex f = b, l is to distinguish the two t quark decays in (2) . The prefactors in Eq. (23) are
and the phase space elements equal
In Eq. (23) we have only included those terms which are needed for the calculation of the up-down asymmetries in Eq. (9) . The omitted terms, represented by dots, are T-even and thus, cannot contribute to the numerator of Eq. (9) . Further, as they depend on the polarizations of either the top quark or the chargino, they cannot contribute to the denominator of Eq. (9).
In order to obtain the angular correlations among the t decay products and the lepton ℓ 2 stemming from theχ − j decay (4), we need the polarization 4-vector ofχ − j determined in the decay (4) . Asl n is a scalar particle, ξ χ j is determined solely in the decayχ
We obtain:
The differential decay rate of the decay chain (4), in the narrow width approximation forl
with the differential decay rates forχ
and
where the couplings are given in Appendix C in Eqs. (72) and (74). The phase space elements dΦ
and dΦl are given in Appendix B in Eqs. (81) and (82), respectively.
The angular distributions of the decay products of t are the same as in the previous case. On the other hand, the angular distribution of the decay products of theχ − j decay mode (4) is given by Eq. (27) which we insert into Eq. (10) in order to obtain the differential decay rates of the combined process (1), (2) and (4) . The polarization vector of the chargino is determined through the decay (4) and is given in Eq. (26). Then the differential decay rates ofb m read
where the phase space elements equal
As in the previous case, we have omitted those terms in Eq. (30) (denoted by dots) which are unessential for the calculation of the up-down asymmetries, Eq. (9).
When the decay ofχ − j proceeds via the W − boson exchange, (5), the polarization 4-vector ξ χ j is parameterized by two components that are in theχ − j decay plane and a component normal to it. It can be written completely general as
where the 4-vectors Q 
and ε αβγδ p ℓ 3 β p νγ p χ j δ is orthogonal to it. For the components in the decay plane we obtain
where the couplings are given in Appendix B in Eq. (75). The component normal to the decay plane reads
The component D CP is sensitive to CP violation in theχ
.e. to the phases φ µ and φ M 1 . The decay rate distribution ofχ
where dΦ (5) , can now be obtained in the same manner as in the previous two cases. Again we only quote the terms that are essential for the calculation of the up-down asymmetries in Eq. (9):
where the sum in Eqs. (37) and (38) corresponds to the two kinematical solutions for E ℓ 3 (for details see Appendix C).
In principle, the normal component of the chargino polarization vector in Eq. (32) will also give rise to triple products proportional to ℑm(O L kj * O R kj ). However, in order to be sensitive to these triple products, the reconstruction of the decay plane of the chargino would be necessary. In practice, this cannot be accomplished, because the neutrino as well as the neutralino escape detection in experiment.
Finally we consider the two-body decay mode ofχ − j (7). The polarization 4-vector ofχ − j in this case is given as
The decay rate distribution ofχ
1 is given by
The angular distribution of the decay products ofb m , with the chargino two-body decay (7), is given by
where again we have quoted only the terms that contribute to the up-down asymmetries in Eq. (9) . The sum in Eq. (44) is due to the two kinematical solutions for |p W | (for details see Appendix C).
T-odd asymmetries
A general definition of the T-odd observables which we study in this paper has been given in Eq. (9) . For the following it is convenient to introduce a shorthand notation for the various T-odd asymmetries to be studied below:
. The indices i, j, k specify the observed particles appearing in the considered decay mode ofb m . We choose the convention that p i denotes the momentum of a particle originating from theχ − j decay, p j denotes the momentum of a fermion from the top quark decay and p k either denotes the momentum of the top quark itself or of another particle stemming from the decay of the top quark. According to the different decay channels we group the considered triple products as follows: (3)- (5), are distinguishable or not.
1. First we define the T-odd asymmetries where the leptons from theχ − j decays (3)- (5) can be distinguished 1 . The triple products on which the T-odd asymmetries are based in this case, are given by
where for the triple products in (49) it is necessary to identify the c quark which is expected to be possible with reasonable efficiency and purity [15] [16] [17] . With the triple products in (47)- (49) 2. We define a second class of T-odd asymmetries where it is not necessary to distinguish the different leptonicχ − j decay chains, Eqs. (3)- (5). This class of T-odd asymmetries is based on the triple products as given in (47)- (49) where
For this class of T-odd asymmetries we will use the notation A ℓ − bt etc. The following formula relates A ℓ − jk to the asymmetries A ℓ − i jk and the branching ratios BR ℓ i ≡ 1 In principle, the leptons from the decays (3)- (5) can be distinguished through their different angular or energy distributions.
BR(χ
− j → ℓ − iνχ 0 1 )
of the decay chains (3)-(5):
where we have introduced the shorthand notation BR ℓ − :
This formula allows us to calculate the contribution of A ℓ − i jk to the asymmetry A ℓ − jk , depending on the branching ratios of the different decay modes ofχ 1 , where the W boson decays hadronically so that its momentum vector can be reconstructed, we can define analogous triple products as in (47)- (49) At the end of this section, we discuss how CP-odd asymmetries can be obtained from the T-odd asymmetries defined above. It is well known that a non-zero value of the considered T-odd asymmetries does not necessarily imply that the CP symmetry is violated since final state interactions give rise (although only at loop level) to the same asymmetries. In order to identify a genuine signal of CP violation one needs to consider also the C-conjugate decay. T-odd asymmetries that are based on triple products analogous to the one given in (47)-(49) can be defined for the charge conjugate decayb m →χ + jt as well, and we denote them by A ijk . One finds that the term of the matrix element squared for the C-conjugate decayb m →χ + jt that comprises the triple product has the same sign as the corresponding term for the decayb m →χ − j t. Thus, true CP violating asymmetries are obtained when summing the T-odd asymmetries that arise in the decaysb m →χ
Numerical results
Now we study numerically the CP asymmetries defined in the previous section, where we focus on their dependence on the CP phases, in particular on φ A b . All CP asymmetries defined in the previous section are proportional to ℑm(lb * mj kb mj ), see Eq. (15) . Hence they measure combinations of CP phases in the MSSM. In order to see more easily the dependence of the CP asymmetries on the parameters, it is useful to expand:
with Y t and Y b the top quark and bottom quark Yukawa couplings, c 1 = cos 2 θb, c 2 = sin 2 θb, d 1 = 1, d 2 = −1, and θb and φb the mixing angle and the CP phase of the scalar bottom system given in Appendix A. In general the quantity in Eq. (53) can be large due to the large t-and b-quark Yukawa couplings. The relevant phases are φ µ and φ A b . For φ µ = 0, we have ℑm(lb * mj kb mj ) ∝ sin 2θb sin φb and from the explicit expressions given in Appendix A, we obtain sin 2θb sin φb ∝ sin φ A b . As we will see below also the asymmetries show such a sin φ A b behavior and thus, their largest values are attained at φ A b = π/2, 3π/2. As φb is sensitive to φ A b if |A b | > ∼ |µ| tan β, we need a small value for tan β and a large value for |A b | compatible with the constraint due to the tree-level vacuum stability condition [18] . Note that in the case where |µ| tan β ≫ |A b | we have sin φb ≈ 0 if φ µ = 0, π.
For our numerical studies we adopt the two scenarios given in Table 1 . In the two scenarios we have assumed the gaugino mass relation |M 1 | = 5/3 tan 2 Θ W M 2 , with φ M 1 = 0, and we have fixed the scalar bottom masses assuming MQ > MD. In scenario A the scalar bottom masses are heavy enough to allow for all considered decays ofχ − j , Eq. (3)- (5), whereas the scalar bottom masses of scenario B are relatively light and the decayχ
1 is not allowed. For the matter of simplicity, our numerical investigation is done for the first and second generation leptons where an influence of their Yukawa couplings can be safely neglected.
In Fig. 1 we show the CP asymmetries that are based on the triple products, (47)- (49), in the decaysb 1 → tχ
1 as a function of φ A b . Fig. 1(a) shows the three CP asymmetries A ℓ − i bt that are based on the triple products in Eq. (47) associated with the three different decay chainsχ
(dashdotdotted line). Fig. 1(a) We now estimate the number of scalar bottomsb 1 necessary to observe the CP asymmetries for a given number of standard deviations N σ by
, (54) where f denotes the final state of the W + decay considered, i.e. f = ud, cs, or l + ν l , l = e, µ. We calculate the branching ratios ofb 1 using the formulae of the second paper in [9] . For scenario A we obtain BR(b 1 → tχ − 1 ) = 4.9%. Purely for the sake of simplicity, we calculate the chargino branching ratios BR(χ
1 ) assuming that scalar tau mixing can be neglected and that the lighter scalar leptons have a common mass ml R , the heavier scalar leptons have a common mass ml L and the scalar neutrinos have a common mass given by
This means that the partial decay widths Γ(χ (3)- (5). The values of the branching ratios of the W boson are given by BR(W + → l l + ν) = 21.4% (l = e, µ), BR(W + →′ = 68%) and BR(W + → cs = 32%) [19] . For an observation of the CP asymmetry A ℓ − 1 bt at the 3-σ level, at least 7.1 · 10 4 scalar bottoms have to be produced. The required number of scalar bottoms in order to measure the asymmetry A ℓ − bt = 6.4% (φ A b = 0.5π) at the 3-σ level is 1 · 10 5 .
In Fig. 1(b) we plot the CP asymmetries that are based on the triple products (p ℓ Table 1. asymmetry is due to the chargino decay chainχ
. Its maximal value of about 13% is reached at φ A b = 0.5π and the number of scalar bottoms necessary to measure A ℓ − 1 l + b at the 3-σ level is about 1.5 · 10 5 . Fig. 1(c) shows the CP asymmetries that are based on (p ℓ − i p c p t ) as a function of φ A b . The asymmetries shown in Fig. 1(c) are more than twice as large as the asymmetries shown in Fig. 1 . Their relative magnitudes can be attributed (i) to the different sensitivity factors of the top quark polarization which is α l = 1 for the asymmetries in Fig.1(b) ,(c),(d) and α b ≃ 0.4 for the asymmetries in Fig. 1(a) , and (ii) to the different 3-vectors involved in the triple products: for Figs.1(a) and 1(c) it is p t , while for Figs. 1(b) and 1(d) it is the 3-vector of any of the decay products of the t-quark, which is always smaller or at most equal in magnitude than |p t |. 
The MSSM parameters are given in Table 1 (scenario A). measurement at 3-σ. The combined asymmetry in Eq. (50) can be as large as about 16% and the appropriate number of scalar bottoms to probe it at the 3-σ level is 3.6 · 10 4 . In Fig. 1(d) we plot the CP asymmetries which are based on the triple products (p ℓ − i p c ps). For φ A b = 0.5π the asymmetry is A ℓ − 1 cs of about 10% and at least 1.9 · 10 5 scalar bottoms are required for its measurement.
In Fig. 2 we show the CP asymmetries that are based on the triple products Table 1 . The momentum vector p W − involved in the triple products is that of the W boson stemming from the decayχ
1 . The largest asymmetry A W − ct attains its maximum value of about 6% at φ A b = 0.5π. For the theoretical estimate of the number of scalar bottoms necessary to observe this asymmetry we replace ℓ=e,µ BR(χ 8% in Eq. (54) . We then obtain that 1.1 · 10 6 scalar bottoms are required for a 3-σ evidence.
In Fig. 3 the CP asymmetries for scenario B of Table 1 are displayed. In this case the decayχ
1 is kinematically not accessible. We plot the CP asymmetries for the decay chainsχ Fig. 3(a) shows the CP asymmetries which are based on the triple products given in Eq. (47). The largest asymmetry results from the triple product (p ℓ 4 scalar bottoms would be necessary for a measurement at the 3-σ level. In Fig. 3(b) we plot the CP asymmetries that are based on the triple products defined in Eq. (48). The largest asymmetry A ℓ − 1 l + b reaches its maximum value of about 13% at φ A b = 1.5π. Fig. 3(c) shows the CP asymmetry formed with the triple products (p ℓ − i p c p t ). As expected, the asymmetry A ℓ − 1 ct is the largest and its maximum value is of about 36%. In this case 5.5 · 10 3 scalar bottoms are necessary for a measurement of A ℓ (50), which is based on (p ℓ − p c p t ). We take ml L = 140 GeV, ml R = 110 GeV and tan β = 10, the other parameters are as in scenario B of Table 1. reaches a maximum of about 30%. In this case the production of 6.7 · 10 3 scalar bottoms is necessary to probe the asymmetry A ℓ − ct at 3-σ. In Fig. 3 
Summary
We have proposed various T-odd asymmetries in the decayb m → tχ 1 we have considered the three possible decay chainsχ
1 . We have also considered the 2-body decayχ
, where the W boson decays hadronically. The proposed T-odd asymmetries are proportional to the product of left-and right-couplings tb mχ − k and are non-vanishing due to non-zero phases φ µ and/or φ A b . Since scalar bottom mixing can be large these asymmetries will allow us to determine the CP violating phase φ A b , which is not easily accessible otherwise. We have also pointed out that true CP violating asymmetries can be obtained by summing the T-odd asymmetries that arise in the decaysb m →χ − j t andb m →χ + jt . In this case an identification of the charges of the involved particles is not necessary.
In a numerical study we have presented results of these asymmetries for the decaỹ
, which is based on the triple product (p ℓ − 1 p c p t ), is the largest one and its magnitude can be of the order 40%. We have also defined the asymmetry A ℓ − ct , Eq. (50), which is based on (p ℓ − p c p t ), and where it is not necessary to distinguish between the different leptonicχ − 1 decay chains. We have found that this asymmetry can go up to 30%. By making a theoretical estimate of the number ofb 1 necessary to observe the T-odd asymmetries we have found that ab 1 production rate of O(10 3 ) will be necessary to observe some of the proposed asymmetries, which should be possible at the LHC or at a future linear collider.
where tan β = v 2 /v 1 with v 1 (v 2 ) being the vacuum expectation value of the Higgs field H 
The mass eigenvalues are
B Lagrangian and couplings
The parts of the Lagrangian, necessary to calculate the decay rates ofb m →χ − j t with the subsequent decaysχ
L νlχ + = g ll njν ℓ P Rχ
where the couplings are defined as 
C Phase space and kinematics
We will work in the rest frame ofb m and we fix the coordinate system so that the chargino momentum p χ j points along the Z-axis. 
where λ(x, y, z) = x 2 + y 2 + z 2 − 2(xy + xz + yz).
Phase space elements of the top decays (2):
The phase space element of the top decay t → bW + is given as
The phase space element of the top decay t → bl + ν reads
where we used the narrow width approximation for the W boson propagator. dΦ W is the phase space element for W + → l + ν l : The phase space element of the decayχ
